ABSTRACT
Introduction
In the last years lactic acid bacteria (LAB) are increasingly applied, immobilized and lyophilized during the production of fermented milk products (9, 22, 24, 28) . Lactobacillus casei cells were immobilized on fruit (apple and pear) pieces and the immobilized biocatalysts were used separately as adjuncts in probiotic cheese making (15) . LAB are in the basis of the production of probiotic preparations and there is a growing interest in the development of such preparations with immobilized cells. The technology of cell immobilization allows an increase in cell stability and a decrease of the lethal effect on the microbial cells, with which can be achieved protection from the conditions of the environment (3, 4, 13) . Thus immobilization techniques could provide protection to acid sensitive LAB and thus increase their survival rate during the shelf life of the yoghurt and during their passage through the gastrointestinal tract (7, 11, 12) . The effectiveness of co-immobilization as an effi cient method for delivering high numbers of viable probiotic cultures to the host for an enhanced probiotic effect, using "In vivo" mice models was investigated (19) . A greater persistence of probiotic cultures was noticed in the intestinal contents of the groups fed on coimmobilized cells. Further, the supplementation of diet with co-immobilized culture also resulted in maximum lowering of faecal coliforms and the enzymatic activity as compared to the prestudy level. Other in-vitro study suggests that immobilized genetically engineered bacterial cells have important potential for deconjugation of bile acids for lowering of high levels of bile acids for therapy (14) . Survival of Bifi dobacterium longum immobilized in calcium alginate beads in simulated gastric juices and bile salt solution was also investigated (20) .
Chitosan is a linear polysaccharide, which consists of glucoseamin radicals, connected by 1→4 β-glucoside bond. It is produced through deacetylation of chitin -the main component of the crab shells, some species of shrimp and sepia, as well as the cuticle of insects, including honey-bees. On this basis a method for the industrial production of chitosan is developed (25, 27) .
Chitosan is a biologically active substance. Its biological activity is determined by its molecular weight and the degree of acetylation of the polymer chain. The extent of polymerization and acetylation, the positive charges (on solutions chitosan is a polycation), as well as the type of the chemical modifi cation of its molecule are the factors, which determine the biological activity of chitosan (23) .
During the hydrolysis of chitosan a mixture of Nacetylglucoseamin and glucoseamin is produced. These two and their salts (hydrochloride and sulphate) are applied in the treatment of osteoarthritis (2) . The use of these substances is linked to the formation of the connective tissue of the joints. N-acetylglucoseamin blocks the action of the active oxygen forms, which have higher levels in arthritis patients and thus protect the glucoseamin glucans from destruction.
Chitosan and its derivatives inhibit viral infections in different biological systems (30) . It appears that chitosan inhibits the growth not only of viruses and bacteriophages, but also of Gram-positive bacteria, such as Staphylococcus aureus and Listeria monocytogenes, and some of Gram-negative, such as Pseudomonas aeruginosa (6) .
The study of Coma et al. (6) shows, that chitosan infl uences the synthesis of nucleic acids for a short period of time, and particularly the proportion of RNA to DNA. This mechanism is probably associated with cell adaptation. In many designs chitosan is studied as a carrier in the immobilization of ligands, (18) . The biocatalyst was used for lactic acid production.
THE EFECT OF THE IMMOBILIZATION OF PROBIOTIC LACTOBACILLI IN CHITOSAN ON THEIR TOLERANCE TO A LABORATORY MODEL OF HUMAN GUT
The main working hypothesis for our investigations was to develop probiotic preparations from immobilized in chitosan LAB cells, and in this way to combine the advantages of the cell immobilization technology regarding the strain stability with the physiological activity of LAB and the immobilization carrier itself -chitosan. The aim of the present work was the immobilization of probiotic LAB cultures in the gel structures of chitosan and the investigation of their resistance to model conditions of digestion.
Materials and Methods

Microorganisms and nutrient media
In the study stock cultures from the National Collection of Industrial Microorganisms and Cell Cultures (NCIMCC) -Lactobacillus acidophilus А., Lactobacillus helveticus H., Lactobacillus casei subsp. casei C., and Lactobacillus plantarum 226-15 are used. The microorganisms were selected on the basis of previous investigations on their probiotic activity. The strains were maintained and cultivated in the following nutrient media: MRS (Merck, Germany), LAPTg10 (26) .
The nutrient media, buffer solutions and the solutions for immobilization were autoclaved at 121°C for 20 min.
Immobilization of LAB in chitosan
The LAB strains were cultivated at their optimal growth temperature for 24 h and centrifuged for 10 min. at 3500 min -1 . After that 5 g of biomass was resuspended in 5 cm 3 of saline solution (pH 5.0) and mixed with 1% chitosan-acetate solution (obtained by mixing of 1 g chitosan with 98 cm 3 deionized water and 0.8 cm 3 5% acetic acid and stirred at 80°C until the solution lightens) in 1:9 proportion. The gel beads were formed by adding the chitosan solution dropwise in chilled 2% polyphosphate buffer solution (sodium tripolyphosphate) with pH 8.2 for 30 min.
Growth of the lactobacilli in the gel matrix of chitosan
After immobilization the beads were washed with saline solution and transferred in fresh nutrient LAPTg10 medium (6 g of beads in 50 cm 3 medium). The cultivation was resumed at 30°C for Lactobacillus casei subsp. casei C., Lactobacillus plantarum 226-15 and at 37°C for Lactobacillus acidophilus А., Lactobacillus helveticus H. for 48 h for further development and increase of cell loading of the LAB in the gel matrix.
Determination of the viable cell counts in the gel beads
The destruction of the beads was carried out with a 5% solution of magnesium citrate at 37°C for 30 min with 1:10 proportion of the beads to the solution. The obtained suspension was diluted tenfold according to the method of serial dilutions in saline solution. After that they were spread on Petri dishes with LAPTg10 agar, which were incubated for 3 days at 37°C until single colonies were formed.
Determination of the resistance of lactobacilli to low and neutral pH values and the presence of pepsin
A modifi cation of the method of Valdez and Taranto (29) was used. The cultures were incubated for 16 h in MRS-broth. The culture medium was then centrifuged at 5000 r.min -1 for 10min. This was followed by two-act washing of the pellet with 0.1 M phosphate buffer, pH 7.0. The cells were resuspended to the original volume with the same buffer. Buffer with pH 2.0, containing 2 g/dm 3 NaCl and 3.2 g pepsin with activity 0.7 FIP U/mg and buffer with pH 7.0 and the same content were incubated with 2% of the bacterial suspension. The resistance of the immobilized in chitosan lactic acid bacteria to low and neutral values of pH in the presence of pepsin was determined after the incubation of 2 g of gel beads in the respective buffers.
The buffers were thermostated at 37°С and samples were taken on the 0, 2 h, 4 h and 24 h of incubation. Proper dilutions were made, according to the method of the serial tenfold dilution in 0.1% peptone water and plated in MRS-agar. The plates were incubated at 37ºС until single colonies were formed.
Method for determination of the bile tolerance
A modifi ed method of the Valdez and Taranto (29) was used. The fi rst steps, until the bacterial suspension was obtained, were the same as those in the method for determination of the acidity resistance. MRS-broth (50 cm 3 ), containing different concentrations of bile salts (0%; 0.05%; 0.1%; 0.15%; 0.3%; 1%) was incubated with 0.5 cm 3 of the cell suspension or 2 g of gel beads. The free and immobilized cells of the lactic acid bacteria were cultivated at 37ºС and the viable cell counts were determined on the 0 h, 2 h, 4 h, 6 h, 8 h and 24 h.
Titrable acidity
For determination of the acid forming ability of the immobilized LAB the titrable acidity (expressed in Toerner degree, o T) was determined by titration of 10 ml of sample with N/9 sodium hydroxide to a pink endpoint using phenolphthalein as indicator (1 o T = 0.009 g.dm -3 lactic acid) (21) .
Results and Discussion
Immobilization of Lactobacilli in chitosan
The immobilization of lactic acid bacteria in chitosan is interesting not only because of the fact that this polysaccharide is allowed for use in the food industry, but also because of the positive infl uence of chitosan on human health. It is known for its antiviral activity, its ability to increase the permeability and destroy the cell membrane by changing its properties (5) . There is no available data for immobilization of LAB in chitosan. In the present study we propose a modifi cation of the method of Vorlop and Klein (1987) , which has been used for the immobilization of other bacterial species (30) . A successful immobilization was achieved of the cells Lactobacillus helveticus H., Lactobacillus casei C., Lactobacillus plantarum 226-15 and Lactobacillus acidophilus A. in chitosan gel. The counts of the viable cells in the gel beads were determined after immobilization, as well as the variation in titrable acidity of the nutrient medium, which is a result of the physiological activity of the cells. The increase of the viable cell counts in the chitosan gel structures ( Table 1) hold out the opportunity for the application of chitosan in the immobilization of LAB.
During the cultivation of L. casei C. in LAPTg10-broth for 48h the viable cell counts in the gel beads reached 3.2х10 10 cfu/g. In the case of L. plantarum 226-15 the situation was similar ( Table 1) . But the viable cell counts of these lactic acid bacteria in the gel matrix increased until the 36h from the beginning of the fermentation process and reached 2.8х10 9 cfu/ g gel. Probably for this period gel matrix was fi lled with cells and the living space was limited. Because of this fact the viable cell counts remained unchanged or increased slightly during further cultivation. High viable cell counts of L. helveticus Н. in the chitosan gel (1.0х10 10 cfu/g) was reached after 36h of cultivation and increased slightly to 2.0х10 10 cfu/g after 48h. Further cultivation did not lead to an enhancement of the concentration of viable cells in the gel beads. The highest viable cell counts (5.0х10 10 cfu/g) in the gel matrix had L. acidophilus A. after 36h of cultivation in LAPTg10-broth at 37 0 С. After 48h they reached 7.0х10 10 cfu/g.
The variation in titrable acidity for all lactobacilli was form 30 to 50-60°T after 36h ( Table 1) . The increase of titrable acidity shows that the immobilized cells have preserved their physiological activity. The results revealed that the immobilized cells are most physiologically active after 24h of cultivation and for the same period they reach high viable cell counts (10 8 -10 9 cfu/g). The slight variation of the optical density of the nutrient medium at 600 nm (0.01 U) is a proof for the small degree of liberation of cells from the surface layer of the gel beads. According to these results, the investigations for the resistance of LAB immobilized in chitosan gel structures to model conditions of digestion were conducted with preparations of immobilized cells cultivated for 24h in fresh LAPTg10-broth at 37 0 С.
Resistance of the immobilized in chitosan lactic acid bacteria cells to model conditions of digestion
In the digestive tract the lactic acid bacteria pass through a pH range form pH 2.0-to pH 8.0. Some of them perish at the low pH value (pH 2.0) and pepsin in the stomach, and others preserve their viability and reproduce at favourable conditions. The cells of L. helveticus H. at low pH values and pepsin reduce their viable counts with 4 orders as compared to their concentration in the beginning of the process in the model system (~ 4 hours). The cells of this strain are relatively more resistant to the neutral values of pH (pH 7.0) in the presence of pepsin (Fig. 1a) . The immobilized cells of L. helveticus H. were more resistant to the low and neutral values of pH in the presence of pepsin (Fig. 1b) . In the model system, for 4 hours (the time of stay in the stomach) the concentration of the cells in the gel beads at low pH values (pH 2.0) and pepsin decreased with two orders (from 10 10 to 10 8 cfu/g). At neutral pH values and digestive enzymes the cells, included in the gel matrix were resistant.
The counts of the cells of L. acidophilus A. in the model system (for 4 hours) were reduced with two orders at low pH (рН 2.0) in the presence of pepsin (Fig. 2a) , and at neutral values of pH the cells preserved a high concentration. The cells of L. acidophilus A. included in chitosan gel structures maintained for 4 hours high viable cell counts at low (pН 2.0), as well as at neutral (pH 7) values of pH and pepsin (Fig. 2b) . Sensitive to low and neutral pH values proved to be the cells of the mesophilic lactic acid bacteria L. casei C. and L. plantarum 226-15 ( Fig. 3a and Fig. 4a) (Fig. 4а) . The further cultivation at low pH values had a small effect on the viability and the counts of the L. casei C. cells (Fig. 3) . More sensitive to long cultivation (24h) in the conditions of the stomach were the cells of L. plantarum 226-15. The cells of both strains wee resistant to the neutral values of pH and pepsin. A higher concentration of viable cells maintained L. casei C., as compared to L. plantarum 226-15.
Interesting dependencies were observed in the immobilized in chitosan cells of the mesophilic lactic acid bacteria L. casei C. and L. plantarum 226-15, as compared to the free cells. For the time of stay in the stomach the included in gel beads cells of both strains preserved high viable cell counts during incubation in buffer solution with pH 2.0 and pepsin. The viable cell counts ware above 10 10 cfu/g gel ( Fig. 3b and Fig. 4b ). More sensitive were the cells of L. plantarum 226-15 immobilized in chitosan beads, but they were signifi cantly more resistant as compared to the free cells of the same strain.
Pepsin has a pH-optimum at pH values of 1.2-2.0. It affects the peptide bonds of the cell wall proteins. Its effect is on the growing cells, whereas the cells in the stationary phase of development are resistant to its action and after elimination of the factor -they form colonies on nutrient medium. In neutral media the action of pepsin is inhibited and because of this at neutral pH values all investigated lactic acid bacteria strains reached high viable cell counts.
On the third hour after the intake of food the concentration of bile salts in the small intestines reaches 0.3%. The variation in the survival of free and immobilized in chitosan cells of the Lactobacillus strains was followed after cultivation in nutrient medium, containing different concentrations of bile salts (0.3%, 1%). The low concentrations of 0.05% and 0.1% had a small effect on the resistance of the cells of the different cells (the results are not shown).
The alteration of the viable cell counts of L. helveticus H., L. acidophilus A., L. casei C. and L. plantarum 226-15 was studied after incubation in MRS-broth with different concentrations of bile salts (0, 0.3 and 1.0%). The results from these experiments are presented on Fig. 5a, Fig. 6a, Fig. 7a and Fig. 8a for the non-immobilized cells and on Fig. 5b,  Fig. 6b, Fig. 7b and Fig. 8b for the immobilized in chitosan lactobacilli.
The cells of L. helveticus H. were sensitive to the bile salts in the medium (Fig. 5a) . For the time of stay of the food in the small intestines they retained a high concentration of viable cells 2.0x10 5 cfu/g at 0.3% bile salts concentration in the nutrient medium. In the fi rst minutes after the introduction of the bacterial suspension to the medium a fraction of the cells, even though a small one dies. The rest of the cells overcome the stress and after the elimination of the affecting factor form colonies on the surface of LAPTg10 medium.
The immobilized in chitosan cells of L. helveticus H. were also sensitive, but to a smaller extent, to the bile salts in the medium (Fig. 5b) . Until the 8h from the beginning of the experiment the viable cell counts decreased with one order and reached 5.0x10 7 cfu/g gel. More resistant to higher concentrations of bile salts (1%) were the cells included in chitosan gel beads and preserved high viable cell counts for 24h (1.0x10 7 cfu/g gel), as compared to the non-immobilized cells, which decreased their concentration in the medium with 2.5 orders and reached 1.0x10 4 cfu/cm 3 . Especially susceptible to the content of bile salts in the medium were the cells of L. acidophilus A. In the fi rst minutes after the introduction of the suspension to the medium a signifi cant fraction of the bacterial cells dies and the viable cell counts reached 1.0х10 2 cfu/cm 3 at 0.3% bile salts concentration in the medium, after 8h of cultivation the concentration of viable cells was barely 10 cfu/g (Fig. 6a) . A higher bile salts concentration of 1% inhibits almost all cells of this strain.
The immobilized in chitosan cells of the same strain were resistant to the different concentrations of bile salts. At a concentration of 0.3% bile salts in the medium for 24h of cultivation they kept high viable cell counts in the gel beads of 4.0x10 9 cfu/g gel, and at 1.0% bile salts the number of viable cells diminished with 2 orders only (Fig. 6b) . The development of the cells in medium without addition of bile salts continued. The viable cell counts reached 10 12 cfu/g gel, which is in conformity with our results obtained earlier for the increase of the viable cells after two-stage cultivation of other lactobacillus strains (8) .
More resistant to the addition of bile salts in the medium were the cells of the mesophilic bacterial strains L. casei C. and L. plantarum 226-15. There was a small decrease in the viable cell counts of both strains after 8h of cultivation in a medium with 0.3% bile salts (Fig. 7a and Fig. 8a ). This was followed by a period of a slight increase, which is probably a result of the development of resistant cells. This was more obvious for L. plantarum 226-15, which reached its initial viable cell counts after cultivation in a medium with 1% bile salts (Fig. 8a) .
In comparison, the decrease in the concentration of viable cells of the immobilized in chitosan L. casei C. и L. plantarum 226-15 was very small. High viable cell counts of 1.0x10 8 cfu/g gel for L. casei C. and 2.0.10 10 cfu/g gel for L. plantarum 226-15 were determined after 8h of cultivation in a medium, containing 0.3% bile salts (Fig. 7b and Fig. 8b) . More sensitive to the bile salts were the cells of L. casei C., which reached viable cell counts of 5.0x107 cfu/g gel after 24h, while L. plantarum 226-15 cells were very resistant after immobilization and the number of viable cells was maintained almost unchanged even at high bile salts concentrations (Fig.  8b) .
The cell is an open dynamic system and probably conditions are created for penetration of bile salts in the cytoplasm. The cytoplasmatic membrane is build by phospholipids, containing fatty acids. After interaction with the bile salts they form inclusion substances (most of them with crystalline lattice), which are released only under defi nite circumstances. This on its turn disturbs the penetration of the cytoplasmatic membrane and the transport of nutrients through the membrane. Especially susceptible are the young growing cells. The cells in the stationary phase overcome this stress and form colonies on the surface of the solid nutrient medium. The lower concentrations of bile salts allow the survived cells to develop and the higher ones (0.3% and 1.0%) inhibit their growth.
The conducted experiments reveal the opportunity to obtain stable active preparations of immobilized in chitosan cells of lactic acid bacteria on one hand, and high resistance of the immobilized microorganisms to model conditions of digestion (low and neutral values of pH and digestive enzymes and high bile salts concentrations) on the other. The inclusion of such preparations in the composition of probiotics will increase their positive action by supplying the organism with a high concentration of viable cells, which according to Donald and Brown (10) and Wolfson (31) is an obligatory criterion for the probiotics (10, 31) .
Conclusions
Through the immobilization of the cells of Lactobacillus acidophilus A., Lactobacillus helveticus H., Lactobacillus casei subsp. casei C. and Lactobacillus plantarum 226-15 in chitosan were obtained preparations with high concentration of viable cells. The immobilized in the chitosan gel beads LAB were resistant to the model conditions of digestionlow and neutral values of pH and enzyme presence and high concentrations of bile salts.
There are no reports for immobilization of LAB in chitosan. Chitosan is a polysaccharide with antiviral and antifungal activity. Therefore the inclusion of LAB in its gel structures and their application for the production of fermented milk products and probiotic preparations would lead to the increase their biological value.
The inclusion of such preparations in the composition of probiotics will improve their benefi cial effect by supplying the organism with high concentrations of viable cells, which according to Donald and Brown (10) and Wolfson (31) is a compulsory criterion for probiotics (10, 31) .
